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ABSTRACT  
With a growing consumer driven cryotherapy market and its widespread applications in 
the medical industry a leading British cryotherapy clinic and equipment distributer have 
been researching the potential benefits to health and wellbeing of a novel procedure 
combining localised cryotherapy with electrical stimulation and heat. The project 
oversaw the development of a proof of principal prototype to allow further testing and 
technical development with a view to manufacture. Detailed in the project report is the 
research into multiple systems including a framework, heating system, Liquid Nitrogen 
pump and bodywork. An initial working proof of principal prototype was developed 
establishing an architecture for the combined machine considering function and user 
ergonomics.  
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1 Introduction  
The term Cryotherapy was derived from the Greek, ‘Cryo’ meaning cold and therapy 
meaning cure with its uses as a medical treatment documented as early as the 17th 
Century. Most prominently Cryotherapy is employed as a surgical treatment 
acknowledged by medical professionals as Cryosurgery. Used in the destruction of 
abnormal or diseased tissue and the dermatological treatment of skin conditions such as 
Warts, Solar Keratosis and Moles as a low risk, rapid and efficient outpatient procedure.  
 
Historically, the properties of cold water submersion and Ice compression have been 
explored for their benefits to health including: Improved recovery, slow cell aging, 
decreased pain and muscle spasms and general wellbeing, thus, leading to the 
development of technologically enhanced Cryotherapy products including localised 
Cryotherapy units and whole body Cryo chambers; exposing patients to regulated Liquid 
Nitrogen vapour at a constant temperature of up to -186°C for a short period of time 
relative to the treatment type and area.  
 
With a growing body of research into cryogenic technology and its widespread 
applications in the medical industry a British cryotherapy clinic and equipment 
distributer have been researching the potential benefits to health and wellbeing of a 
procedure combining localised cryotherapy, in which a jet of refrigerated Nitrogen gas is 
locally applied to alleviate symptoms of injury such as pain and inflammation, with 
Electrical stimulation, a procedure widely used in the management of pain and short 
term pain relief.  
 
The company having successfully conducted a preliminary research study into the 
physiological benefits of a combined procedure at London South Bank University are 
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now looking to develop a prototype device to further explore the technical and 
commercial feasibility of a combined unit meeting the demands for novel procedures 
and devices in a growing consumer healthcare technology market.   
 
The project aims to establish a set of parameters for the design of a combined unit 
through the research driven development of an initial working proof of principal 
prototype; further exploring the relationship between form and function in defining a 
configuration of components optimised to communicate use with user and environment.  
 
The report provides an overview of the research and development of multiple systems in 
the delivery of a combined unit, particularly the development of an optimised rolling 
framework, a heating system and electrical stimulation configuration with further 
additional work detailing the research and development of a novel Liquid Nitrogen 
vapour filtering pump and its potential for Intellectual Property (IP) protection.  
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2 Background Research  
This section of the report aims to introduce the research problem and outline a 
structured approach to project development. This chapter includes the following 
sections:  
 
❖ Project Brief  
❖ Methodology  
❖ Explorative problem study  
❖ Specifications for design  
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2.1 Methodology  
A product development methodology was adopted to manage research and development 
at both organisation and project level. The methodology established a framework for 
structured product development, outlining an integrated approach to the management 
of quality and innovation.  
 
2.1.1 Product Development Methodology  
The British Standard BS 7000-2: 2008 Guide to managing the design of manufactured 
products from the BS 7000 Design Management System was selected to manage project 
research and development. (BSI - British Standards Institution, 2008) 
 
The BS 7000-2 methodology was identified as an appropriate strategy for new product 
development within the projects scope through its integrated approach to design. 
Implementing an active framework to consider standards, product lifecycle and 
consumer needs in the definition of a new product. 
 
Key features of the BS 7000-2: Methodology; 
❖ Infrastructure to manage risks and meet standards.  
❖ Research into consumer needs and market positioning.  
❖ Promotion of environmentally sensitive design. 
❖ A system for managing the design of manufactured products. 
❖ Emphasis on frequent review and objective assessment.  
 
Figure 1; below shows the BS 7000-2 approach to systematic project planning. The 
framework outlines elements to be considered in the proposal of a new product; thus, 
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prompting quality initial research to identify areas of opportunity and the potential to 
translate opportunity through innovation into commercial success.  
 
 
Figure 1 BS 7000-2: 2008, figure 3:  Organizational elements of responsibility for product development, 2008 
 
The standard is further applicable to the project though its outline of a phased product 
development methodology at project level.  
 
 
Figure 2 BS 7000-2: 2008, figure 9:  The design process at project level, 2008 
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Figure 2 above titled “the design process at project level” proposes a method for managing 
new product delivery through conception to manufacture. A colour coding was applied 
over the table connecting this report to relative phases of the BS design process system.   
 
 
 
2.1.2  Research Methodology  
Given the multi-disciplinary nature of the project a mix of research methods were used 
where appropriate in the collection of data for product development. Methods including 
ethnography, observation, one-on-one interview and case study were used to gather 
qualitative data to build an understanding of the research problem through an 
exploration of the product/s and user and relative environment.   
 
Quantitative methods of research such as the measurement and comparison of variables 
in engineering data were widely applied through phases of design engineering, with 
tools including system flow charts and analytical optimisation informing development.  
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2.2 Project Proposal  
 
Following a study into the potential health benefits of a combined Cryotherapy 
and Electro muscle stimulation procedure, the School of Engineering at London South 
Bank University was approached to develop a proof of concept prototype.  
 
 
 
Figure 3 London South Bank University CRYOSTIM research project brief 
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Figure 3 above was presented as the initial research and development brief. The 
document outlined aims and deliverables for the project across disciplines. The 
following points highlight the scope for research within the School of Engineering.  
 
❖ To develop a proof of concept prototype of a combined cryocooler and electrical 
muscle stimulator. 
 
❖ To identify the potential for IP and exploration and to define the specifications 
for manufacture.  
 
❖ Objective – To develop a proof of principal prototype that combines cryocooling 
and electrical stimulation. This prototype will be based on criteria identified by 
the proof of concept study.  
 
 
 
The above points formed a basis for initial background research activity, prompting 
general investigation into Cryocooling and Electronic Muscle Stimulation through a mix 
of research methods explored in the following introductory research section.   
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2.3 Project Planning – Gantt Chart  
 
 
 
Figure 4 Project Gantt Chart 
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2.4 Research     
 
This section of the report documents initial research activity and findings. The research 
activity outlined aims to explore the initial brief, defining a design specification 
document to implement goal driven product development throughout the project.   
 
The research methods consist of the following elements;  
❖ Literature review 
❖ Ethnographic research 
❖ Market Research  
❖ Case Study  
❖ Client interview   
 
 
 
2.4.1 Literature Review  
This section reviews literature published in the fields of Cryotherapy, Electrical 
Stimulation and procedures combining both. The literature review aimed to identify 
opportunities for new impactful research; further establishing a technical specification 
for a proof of concept prototype.  
 
Literature was reviewed and documented with commentary into a literature database 
attached in the appendix of this report.  
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2.4.1.1 Cryotherapy  
The reduction of skin temperature has been documented throughout history as a 
treatment for muscle injury. Hippocrates of ancient Greece gives mention to cold 
treatment and its therapeutic effects circa 470-370BC. The term cryotherapy however, 
was first introduced in 1908 by Pursey, describing physiological treatments with very low 
temperatures. (Galiuto, 2016) 
 
Presently the term cryotherapy is used to group different modalities of treatment aimed 
at lowering the skin surface temperature around an injury site.  
 
A local temperature reduction of between 10-15°C has been observed by researchers to 
successfully relieve local pain (analgesia), lower the metabolism, promote 
vasoconstriction and decrease inflammatory reaction. (Galiuto, 2016)  
 
Currently a range of cryotherapy procedures are outlined, however, there is debate as to 
their efficacy. A study conducted into the effects of traditional cooling methods 
including: ice pack, ice massage and cold-water immersion (CWI), identifies CWI to 
have the greatest therapeutic effect, suggesting the larger coverage area of CWI as key to 
reducing motor nerve conduction and therefore symptoms of injury (Herrera , et al., 
2010)  
 
Recent technological innovation alongside the developing Liquid Nitrogen market has 
introduced novel cooling technologies to the cryotherapy marketplace. These 
technologies include: localised Cryotherapy, in which Liquid Nitrogen vapour reaching 
up to -170°C is applied to target a problem area, and, whole body cryotherapy, exposing 
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the user to refrigerated nitrogen vapour (-120°C) for a period of between 3-4 minutes in a 
cooling chamber, as a therapy for a range of conditions.  
 
A 2015 meta-analysis aimed to critically evaluate novel cooling applications comparing 
local Cryotherapy with traditional cooling modalities. It was observed cold air 
applications (Liquid Nitrogen vapour) to have less of a therapeutic effect in comparison 
to ice pack and CWI treatments, concluding; “cold air applications probaly do not cool 
as deep as cold applications with direct contact to skin, and only effect skin 
temperature”. The publication further discusses the role of adipose thickness (fat layer) 
in cooling, outlining scope for the study of an algorithm to calculate ideal cooling 
temperature from biometric input. (Hohenauer, et al., 2015) 
 
A further study into adipose thickness and cooling time observed an increase in cooling 
time as adipose tissue thickness increased; thus indicating a dramatic adjustment to 
cryotherapy duration is required to produce similar intra muscular temperature changes. 
“A 25-minute treatment may be adequate for a patient with a skinfold of 20mm or less; 
however, a 40-minute application is required to produce similar results in a patient with 
skinfolds between 21-30mm, whereas a 60-minute application is required for patients 
with skinfolds of 30 to 40mm.” (Otte, et al., 2002)  
 
The safety of procedures is discussed in a 2015 publication in the International Journal of 
Applied Research and raises concern for the application of very low temperatures, 
suggesting precautions be taken as “prolonged application at low temperature below 
15°𝐶 intramuscular could have deleterious effects to injury recovery”, with too cold a 
therapy causing serious side effects including nerve damage and frost bite. (Saini, 2015) 
Furthermore, it is noted that Adenovirus is capable of survival in Liquid Nitrogen 
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therefore “the same source of Liquid Nitrogen should not be used with different 
patients.” (Unger & Elston , 2017) Furthermore, the vaporisation of Liquid Nitrogen in 
procedures can rapidly displace oxygen in the environment, resulting in cases of death 
by Asphyxia from evaporated Liquid Nitrogen. (Kim & Lee, 2008)  
 
A concept in the foreground of cryotherapy research is the combination of cold and 
compression as more effective than single cold application. Documented as a procedure 
lasting an optimal time of 10 minutes (Kuo, et al., 2013) in which an ice pack is affixed to 
an injury area using an elasticated strap or similar to apply pressure promoting deep 
intramuscular cooling.  
 
The results show the application of external compression to have a greater effect on the 
rate of restoration of function then does the frequency and duration of Cryotherapy 
procedures. (Wilerson & Horn-Kingery, 1993) Presenting an opportunity to explore the 
effects of a procedure combining cryotherapy, compression and electrical stimulation.  
 
 
2.4.1.2 Neuromuscular Electrostimulation 
Electrical stimulation has been used in the management of pain as far back as 63 
A.D. reported by Scibonius Largus that pain was relieved by standing on an electrical 
fish at the sea shore. (Jenson, et al., 1985)  
 
Clinical interest in the use of electrical currents to manage and treat pain has developed 
since the mid-1960s along with the “Gate Control Theory” of pain control. According to 
the theory selective stimulation of nerve fibers could block, or "close the 
gate" on signals carrying the pain impulse to the brain. (Reeve & Menon, 1996) 
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Electrical stimulation has found applications across physical therapy including 
rehabilitation, physiotherapy, occupational therapy, and speech therapy with the 
procedure becoming accepted amongst its practitioners as a standard for the treatment 
of both chronic and acute pain. (Reeve & Menon, 1996) 
 
An exploration of neuromuscular electrostimulation techniques identifies two principal 
applications for electrical stimulation. Transcutaneous Electrical Nerve Stimulation 
(TENS) found with varying degrees of effectiveness in the treatment of mild to moderate 
pain by blocking pain signals (Gate theory) and, Electronic Myostimulation / Electronic 
Muscle Stimulation (EMS) generating impulses from an electro stimulation device, 
mimicking the action potential from the central nervous system causing muscles to 
contract. (Heidland, et al., 2013) with uses cited in the sports science field as a 
complimentary technique for sports training. (Zatsiorsky & Kraemer, 2006)  
 
The efficacy of electrical stimulation in post-exercise recovery was reviewed, identifying 
stimulation parameters for both high frequency electrical stimulation < 10 Hz (resulting 
in visible muscle contractions, EMS), and, low frequency electrical stimulation, between 
50-100 Hz (delivering strong but comfortable muscle stimulation without muscle 
contraction, TENS).  
 
The parameters for procedures in the studies reviewed range from 4 Hz to 120 Hz for 
durations of between 40 to 250 μs. (Babault, et al., 2011)  
 
Although electro stimulation is widely practiced amongst clinicians, questions are raised 
as to its effectiveness in pain reduction and rehabilitation. A 12-week double blind study 
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comparing TENS to sham TENS (no TENS) in a working age population for chronic non-
specific low back pain, observed the TENS group to have minimal improvements over 
the non-tens group. (Thiese, et al., 2013)  
 
Further studies suggest little evidence other than limited use of TENS in medical 
procedures, concluding TENS wasteful if its optimum case/use has not been identified. 
(Reeve & Menon, 1996) These observations have prompted research into combined 
procedures to enhance the reported analgesic effects of a standalone electrostimulation 
procedure.  
 
 
2.4.1.3 Combined Cryotherapy / Neuromuscular Electrostimulation  
Following calls to research the potential to enhance the therapeutic effects of 
both cryotherapy and neuromuscular electrostimulation, a 1992 study into 
electrostimulation, cold and a combined procedure identifies a combination of 
electrostimulation with cold, or a simultaneous application of both electrostimulation 
and cold as having a greater analgesic therapeutic effect on patients than just cold 
treatment or electrostimulation. (Denegar & Perrin, 1992) 
 
An investigation into the working principal behind combined transcutaneous electrical 
stimulation and Cryotherapy on femoral nerve activity (FNA) in rats further validates the 
potential improvements of a combined procedure. Researchers found the combination 
significantly attenuated the effects produced by transcutaneous electrical stimulation 
alone on nerve activity. (Santuzzi, et al., 2008)  
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The analgesic effectiveness of a combined cryotherapy electrical stimulation procedure 
was however reviewed on patients with chronic lower back pain and compared to 
isolated procedures, results indicated the combination to have no significant 
improvement over isolated procedures; although the study does claim all three 
therapeutic modalities to be individually effective in relieving chronic low back pain. 
(Abreu, et al., 2011) 
 
A more recent 2017 study has looked to further explore treatment combinations to 
enhance pain relief, in particular the addition of local heat to cryotherapy and 
electrostimulation. The study outlines a method using a heat pad at a temperature of 
40°C placed over electrostimulation electrodes to heat the local area throughout the 
duration of a procedure. Alternately, the same method was used applying a cold pack 
with a surface temperature of 10°C for comparison. A standard electrostimulation pulse 
setting of 100 Hz with a 200 μs pulse width was constant throughout the procedure with 
a total duration of 20 minutes. The study concluded “TENS simultaneously combined 
with local heat or cold does not provide a synergistic analgesic interaction compared 
with TENS alone”. (Maeda, et al., 2017)  
 
 
 
 
2.4.2  Client Interview 
Following an initial review of the brief, an unstructured meeting 
was arranged with the client, ‘Ice Health Cryotherapy Limited’, at their London clinic to 
discuss the brief further. The meeting allowed for the working principle of a combined 
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procedure to be demonstrated and the existing Cryocooling/Electro Muscle Stimulation 
devices and procedures offered at the clinic to be reviewed.  
 
At this stage an addition was made to the original brief, adding a method of local heating 
to the deliverable, thus redefining the proof of concept prototype as a unit combining 
LOCAL CRYOTHERAPY, ELECTRICAL MUSCLE STIMULATION AND LOCAL 
HEATING.  
 
Figure 5 Technology currently used in practice (Left: METRUM CRYOFLEX CRYO-T ELEPHANT right: VIP 
ITALIA VIPLINE PLUS  
 
The image above shows the devices currently used to deliver both independent and 
combined procedures at the clinic.  
 
Figure 5 can further be referred to in clarification of the brief, presenting the technology 
specified by the client to be combined into a new mobile standalone unit. The prototype 
unit is to allow for both independent and combined Liquid Nitrogen cryotherapy / 
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Electrical Stimulation / Heat to be delivered as part of a pre-programmed/programmable 
cycle for further research into the optimal settings for a combined procedure.  
 
Following the meeting a document was produced collating specifications for the 
functionality and design from the client; including features beneficial to a procedure, 
benchmark performance parameters, aesthetics and ergonomics.   
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Table 1 - Initial meeting notes 
 
The document above establishes an early specification for the project, informing 
subsequent introductory research, highlighting areas to further investigate.  
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2.4.3 Ethnographic Study  
An ethnographic study was performed to interact with and observe a practitioner 
and device in their working environment. The study looked at the challenges posed by 
the environment and technology to a practitioner delivering a combined procedure.  
 
The study was conducted in a treatment room frequently used at the Ice Health 
Cryotherapy clinic to deliver both combined and independent Cryo/EMS procedures.  
 
 
Figure 6 Room Layout Cryotherapy clinic example  
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Figure 5 above depicts the treatment room in which the study was performed. The room 
features a Central therapy table with Cryotherapy and TENS/EMS units adjacent, space 
for accessories/supply storage and a chair for the practitioner to optionally work from.  
 
        
Figure 7 Clinic practitioner/machine configurations 
 
An assessment of the possible working configurations of a current combined procedure 
highlight the impracticability in switching between isolated devices. For instance, figure 
6, a left side procedure requires the practitioner reposition the cryotherapy device to the 
working area for comfortable use (as limited by the length of the hose). Whilst, being 
restricted by a grounded, non-mobile electrical stimulation unit.     
 
The observations underline manoeuvrability and compactness as key components to the 
successful design of a combined device, allowing the practitioner to easily reposition the 
device to work around the patient and room layouts.  
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An image board featured below summarises the resultant findings of the ethnography 
study, including; appropriate use of warnings/safety symbols, simple hardware 
interfaces, ergonomics for prolonged use, and a large clear display interface all effecting 
the way a user interacts with the device.  
 
 
Figure 8 Ethnography image board   
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2.4.4 Market Research  
The market was researched, and a report produced looking at the Cryogenic 
health industry. The report aimed to better understand the characteristics of consumers, 
products and procedures driving the “Cryo” healthcare industry and the attitudes of 
consumers towards them.  
 
The ‘Phase II – Market research report’ (attached in the appendix of this document) 
examined the market for opportunity; anticipating areas for future growth and the 
factors contributing to the success of a new product/market entrant.  
 
Summarised in the following tables are findings from the market analysis.  
 
 
Table 2 Cryogenic Healthcare Market opportunity and risk – Market Research Report   
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Table 2 outlines the market opportunities and risks observed in the overall cryogenic 
healthcare and wellbeing market; encompassing procedures across the “cryo” category.  
 
Two principal cryogenic procedures were found to be driving market growth, the 
procedures being:  
 
❖ Cryolipolysis a body contouring procedure in which the application of cold is 
used to reduce local subcutaneous fat through adipose apoptosis.  
❖ Cryotherapy a procedure aimed at relieving the symptoms of sporting/general 
injury and improving recovery post training.  
 
A further analysis with a focus on the consumer and media attitudes was undertaken. 
Market data was collected and quantified allowing for comparative analysis of both 
procedures to identify areas presenting most market opportunity.  
 
From the research a strong upward trend was identified in consumers adopting 
technology enabled procedures to deliver alternative non-invasive health and wellbeing 
treatments. However, the research also highlighted a lack of market innovation in the 
current cryogenic healthcare industry, with few products offering new procedures or 
novel combinations.  
 
The table below from the market report investigates the tertiary industry i.e, the Clinics, 
Health Spas, Gymnasiums ect making up the demographic of potential future device 
consumer and their demands from new products.   
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Table 3 Tertiary sector needs from NPD – Market Research Report 
 
The findings from the market research above, further inform the development of the 
product specification document. Thus, ensuring future market trends and shifting 
consumer attitudes are considered in the proposal of a new product; leading to greater 
potential for longer product life in service and therefore value and quality from new 
product development.    
 
On the following page an infographic summary of the market research in terms of 
consumer attitudes is presented. The figure provides a simple metric for emerging trends 
in the cryogenic healthcare market, with more weighting applied to the stronger 
consumer driven market attitudes. 
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Figure 9 Cryogenic market buzzwords 
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2.4.5 Case Study   
The study was presented alongside the market report reviewing business activity 
contributing to market success. The case study looking into a successful Cryogenic 
healthcare business, their practices and products revealed 5 key factors to have positively 
impacted market success. 
 
The study reviewed market leader Zeltiq’s proprietary cryolipolysis procedure, 
Coolsculpting®; acquired by Allergan, owner of Botox® for $2.48 Billion in February 2017.   
  
 
 
Figure 10 Case Study factors of success – Market Research Report 
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The complete case study and review may be found featured in the market report 
attached in the appendix. (It should however be noted that the clinical research and 
development of a novel procedure (cryolipolysis) and its FDA approval are the leading 
contributions to market success)   
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2.5 Research Findings  
Independently, cryotherapy and electrical stimulation have been found to have varying 
therapeutic effects on its users with applications ranging from the management and 
treatment of pain to improving post exercise recovery.  
 
Current research into combined procedures identify potential for improvement in 
procedure efficacy over independent applications, however, a significant gap in the 
research is present in the definition of the optimal parameters for a combined 
procedure.  
 
With a growing demographic of consumers looking for technology enhanced healthcare 
procedures and strong industry demand for new marketable procedures and devices, 
there is scope for further research into a combined procedure to address both the gap in 
literature and industry demand for novel research backed procedures.  
 
The research highlights the significance of compact manoeuvrable space saving 
solutions designed around the product environment as key to market success, however a 
consumer trend is emerging in ‘do it yourself’ therapy favouring lower cost alternatives 
that can be used from home or as part of a home healthcare toolkit.  
 
As a final note, awareness and caution are building around the use of cryogenically low 
temperatures in healthcare procedures, in particular procedures using Liquid Nitrogen. 
Cases of injury including nerve damage and frost bike have been reported along with 
incidents resulting in death; should Liquid Nitrogen be the modality of cooling, 
measures should be implemented through design to safeguard patient and practitioner. 
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2.6 Design Specification  
 
The specification of a new product was informed by the prior research activities. The 
following specification outlines detail for the design, including technical specifications, 
environmental factors, ergonomics, aesthetic, maintenance and health and safety.  
 
The PDS headings are based on the PDS of Pugh, 1990. 
 
1. Performance 
- The device must be able to deliver a jet of refrigerated nitrogen gas at variable 
flow rates to reduce skin temperature by 10-15°C as outlined by research. With a 
target temperature cold stream of up to –170°C defined by the client.  
- Allow continuous use up to 1hr without refilling.  
- Be able to deliver a range of Electrical Stimulation procedures from 4 Hz to 120 
Hz for between 40 to 250 μs.  
- Be able to apply heat around 40°C to a local area.  
- Run on both 120V – 240V  
- Have sensors to accurately measure skin temperature, further allowing sensor 
controlled cold temperature algorithm through software development.  
- Feature a display unit to allow for software driven control.  
- Withstand maximum LN load to a relevant safety factor, and forces put upon the 
device to manoeuvre when fully loaded.  
- Be able to measure the amount of Liquid Nitrogen real time throughout a 
procedure. with a minimum cut off requirement. 
- Monitor Oxygen Level in room   
- Measure distance from a target surface from applicator end.  
 
2. Environment 
The product is to be used in an indoor clinical/medical environment, with 
temperatures between 18-30°C at an average humidity of 40-50%. Electronics 
should be appropriately enclosed and protected against moisture.  
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3.  The device is to be predominantly used in a treatment room however moved 
when necessary to other areas of a healthcare facility along smooth, flat surfaces. 
The areas in which the device is to be used risk oxygen depletion that can lead to 
death by asphyxiation if not correctly ventilated, and, a nitrogen rich environment 
for machine operation. The device is likely to be handled with care by informed 
users having read the product manuals/documentation.  
 
4. Life in Service 
An expected life in service of 15+ years through design for maintainability, with a 
dormant period of 50+ years in stable storage conditions.  
 
5. Maintenance 
The machine would require refilling with 35L of Liquid Nitrogen from a supply 
tank by the practitioner or technician who should be trained in the safe handling 
of hazardous substances and take appropriate safety measures in refilling.   
 
6. Target Product Cost 
A forecast retail price of between £15,000.00 and £20,000.00 per unit in the current 
market based on procedure novelty (given positive treatment results) and 
intellectual property as value adding. With a target manufacture price per unit (in 
batches of 100 units) of £1,650.00 (excluding the Liquid Nitrogen Dewar vessel 
estimated at +£1,250.00 per unit) total machine cost £2,900.00 per unit.  
 
7. Competition 
Currently no clinical devices are commercially available combining LN 
Cryotherapy, Electrical Stimulation and Heat. Existing procedures are offered 
independently either through clinics or alternatively low-cost home use devices 
such as ice packs and TENS units.  
 
8. Shipping 
The device is to fit within the footprint of a standard UK pallet of 1200 x 1000mm 
protected by a hard shell (timber crate etc) and internal protective padding. 
Consideration should be given to the height of the packaged device to allow more 
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units stacked for transportation and warehousing. Shipped via freight, shipping 
container, independent units dispatched via large good courier with forklift.  
 
9. Packing 
Only requires industrial freight packaging for transport and warehousing, using 
environmentally friendly materials such as recycled plastic pallets / timber crates 
from managed forests.   
 
10. Quantity 
The product is intended for production runs of 100 units, allowing for a sufficient 
balance between unit manufacture cost/time and the demands of a growing 
international market. There is strong demand from the market for novel 
procedures, given appropriate marketing exposure and economic trading 
conditions. 
 
11. Manufacturing Facility 
A manufacturer capable of full in-house production is recommended. The 
manufacturer should have appropriate certification e.g ISO 13485:3003 and testing 
capability. Some components may be manufactured to specification elsewhere 
/outsourced to reduce manufacture time and additional set up cost. Production is 
viable nationally however alternative manufacturers working to regulation within 
the European Economic Area should also be considered.  
 
12. Size 
The size of the device is dictated by the size of the specified Dewar vessel, 35L, and 
factors of form for ergonomic use of the machine. The device should be kept as 
compact as possible following the ethnographic study and aim to cut material 
where unnecessary.  
 
13. Weight 
The devices overall weight is dependent on the quantity of Liquid Nitrogen being 
held, the design should be optimised to the maximum Liquid Nitrogen capacity 
with an appropriate safety factor. Efforts should be made to minimise material 
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usage thus overall weight without compromising on function or overall quality.  
 
14. Aesthetics, Appearance, and Finish 
The Aesthetic of the device should clearly communicate its functions for easy 
device adoption and usability. The Aesthetic should complement its clinical / 
medical environment, a functional design language with minimal hidden surfaces. 
Given the target consumer the device should convey a high product quality. 
 
15. Materials 
Materials are to have a high specific strength where required i.e in structural 
components and minimal weight. Materials exposed to cryogenic temperatures 
should have appropriate properties for safe use under cryo conditions, for instance 
specific engineering polymers. A preference of smooth surface textures and 
materials non-reactive to liquid sterilising agents.  
 
16. Product Life Span 
Used from new until a return has been made on the purchase cost, eventually 
replaced by a newer procedure/product. The device may then be resold on the 
second-hand market for a lower unit cost typically until either failure or upgrade, 
in either case resulting in obsolescence, from which the device can be broken 
down into its components for reuse or recycle.    
 
17. Standards and Specifications 
CE markings must be applied to show compliance with applicable European 
medical device directives. The device or electrical systems used within the device 
must meet IEC 60601 standard for medical electrical equipment and systems (601 
compliant) Devices with complex coding must meet a separate regulatory process 
specified in the IEC 62305 document. Risk management to medical devices ISO 
14972. Symbols to be used with medical devices ISO 15223-1:2016. Electromagnetic 
compatibility EN-61000-3-2. ISO 13485. 
 
18. Ergonomics 
The manoeuvrability of and around the device under varying loads is critical to 
successful ergonomic design, how the device responds to the user when in 
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movement or action for quality feedback. The design of components held to 
deliver procedures for comfort and control. The layout of device functions for 
simple interaction, allowing for intuitive use of different systems / components to 
the device.  
 
19. Customer and user 
Customers including healthcare clinics, Spas, cryotherapy clinics, physical 
rehabilitation centres, physiotherapists, wellbeing centres, gyms, sporting facilities 
and clubs, military. Growing demographic of private users such as professional 
athletes or cryo enthusiastic individuals. 
 
20. Quality and Reliability 
Systems designed and tested to relevant standards to ensure device reliability, 
built in maintainability to prolong life in use / quality. Outsourced components 
also to meet the relevant standards and regulations.  
 
21. Processes of manufacture 
The majority of parts are to be manufactured using standardised manufacturing 
processes not requiring the development of new processes.  
 
22. Time scale 
To deliver a frozen design specification and initial prototype unit within 16 months  
 
23. Testing 
IEC 60601 medical safety testing. Testing to IECEE CB standards and CE marking.  
 
24. Safety  
There is significant potential for product misuse and abuse, resulting in significant 
risk to users. The device should be operated by a user trained in the safe handling 
of cryogenic substances and used in a room meeting specified ventilation criteria 
to avoid oxygen depletion and the risk of death. The operator should also be 
trained to recognise the signs of overcooling and cold burns. Training and 
measures should be provided for the safe practice of refilling the device with LN. 
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The device should be regularly cleaned using liquid sterilising agents independent 
of environment.  
 
25. Company Constraints 
The company currently does not have the facilities to manufacture devices and 
thus would require the manufacture of products to be outsourced, furthermore the 
company has no inhouse design and engineering department, future design and 
development would also require outsourcing. These factors could be addressed by 
investing a small production site with skilled professionals capable of 
manufacturing and assembling components to relevant standard. 
 
26. Market Constraints 
The market is currently growing with consumers looking for new technology 
enhanced procedures, devices compatible with future consumer ideals such as 
smart healthcare and AI driven procedures prompted for strong market share.  
 
27. Patents, literature, and product data 
There are no patents on the combination of procedures as non-patentable, not 
meeting the new/novel/nonobvious criteria. The design of outsourced components 
may however be patented, for instance, the Liquid Nitrogen vapour pump, 
however the patent is limited to Poland. Searches were performed using the terms: 
Liquid Nitrogen Vapour pump, Cryotherapy pump, Cryogenic pump and liquid 
nitrogen pump, cold air jet. 
 
28. Political and social implications 
Health Canada issued a notice considering cryotherapy devices to be a potential 
health risk, requesting the manufacturer of devices stop the sale and immediately 
recall the unlicensed Class III devices, furthermore working with the Canadian 
border agency to prevent illegal importation of devices. Devices / procedures in 
the cryogenic health market may become restricted or subject to further 
regulation worldwide following the risk of injury and death to users. Publicity of 
such events could lead to a social shift away from low temperature cryotherapy to 
conventional ice-pack / ice bath procedures.  
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29. Legal 
Sufficient measures should be put in place to prevent injury or death to users. 
Documentation should be thorough and clear, and after sale support in place.  
 
30. Installation 
Installation is to be performed by the user following a detailed installation and 
operation manual.  
 
31. Documentation 
The device is to be supplied with instruction documentation on installation 
(including room set up) operation and maintenance. Other documentation 
provided: safety certificates, test certificates, health and safety warnings.  
 
32. Disposal and End-of-Life scenarios 
The device can be broken down into its components for reuse or recycle. 
Repurposable parts should be chosen over custom / single use components where 
possible. Materials with specific properties should be identified to allow for 
effective recycling.  
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2.7 Concept Generation  
The following pages explore concepts to meet the research defined criteria, including: 
Reducing skin temperature by 10-15°C, variable electrical stimulation settings and heat.  
 
Figure 11 Ideation Sketches thermoelectric plates and gel pack cooling lower 
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Figure 12 Liquid Nitrogen cryotherapy device ideation sketches 
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2.8 Concept Selection  
Following sketch ideation, the top three concepts were further reviewed against a 
specification criterion evaluating the proposed concepts against a reference, being the 
current procedure set up.  
 
 
Table 4 Pugh concept ranking matrix 
 
The results of the matrix ranking are displayed in table 4, with a scoring of: better than 
(+), the same (0) and worse (-) awarded respectively against the reference.  
 
The prior research and concepts drawn from it were prepared in a folder to be presented 
to the client in a project meeting. From the meeting the Liquid Nitrogen 
cryotherapy device was identified as the concept to further develop.   
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2.9 Further Concept Development  
A scale card model was developed around the dimensions of a 35L Air Liquide TR35 
Liquid Nitrogen Dewar. The model defined key dimensions for the design along with an 
architecture for the arrangement of components within the framework.   
 
 
Figure 13 Scale modelling card 
 
The model was further used to study optimal ergonomic configurations and machine 
interaction in regards to touch screen interface and viewing angle.  
 
Figure 14 from the international journal of industrial 
ergonomics on the optimal viewing angle for touch 
screen displays; recommends, through anthropometric 
analysis, a viewing angle of between 30° and 55° off 
horizontal. (Schultz, et al., 1998 )  
The data was implemented in the card model and 
further evaluated.  
 
Figure 14 Viewing angle for touch screen displays 
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Figure 15 Ergonomic form study 
Following a review of the card model the data was translated into a CAD model 
(Autodesk Inventor) for further component architecture and structural analysis.   
 
 
Figure 16 Analytical CAD model development 
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A preliminary aesthetic form for encasing of the machine was derived from the system 
architecture and modelled in blue foam. The components were produced on a CNC 
router, ensuring dimensional accuracy in the model for thorough evaluation.  
 
 
Figure 17 Aesthetic blue foam modelling 
 
The model was reviewed against the following basic criteria in the bullet points below 
and prepared for presentation to the client.   
 
• Minimal surface area; reduced material usage, weight and surfaces for bacteria.   
• Houses and protects internal components.  
• A clinical aesthetic for the healthcare and wellbeing industry.  
• Minimal floor footprint.   
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3 Design Development  
The following section of the report outlines the process of design development through 
engineering analysis, prototype manufacture and testing. The section is subdivided into 
the three components;  
 
1. Bare-bones development: A rolling chassis and mounted instruments.  
2. The design and manufacture of a prototype Liquid Nitrogen vapour pump and 
subsequent components.  
3. The design and manufacture of the machine bodywork.   
 
 
3.1 Bare-bones Design: Framework, Electrical Stimulation and Heating 
By definition bare-bones comprises only the basic or essential elements of something. 
This section outlines the development of a ‘bare-bones’ unit; a rolling chassis complete 
with mounted hardware.  
 
Further detailed in this section is the design and development of components including 
heating and electrical stimulation assemblies, otherwise defined as ‘Hardware’. 
 
 
 
 
 
 
 
49 
 
3.1.1 Framework Overview 
 
 
 
 
Figure 18 Framework Assembly Overview 
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3.1.2 Framework Design and Development  
A framework was designed for the Air Liquide TR35 Liquid Nitrogen Dewar. The 
dimensions and loads of the vessel to capacity with Liquid Nitrogen (35L) are displayed 
in Figure 19 below.  
 
 
 
    Figure 19 Liquid Nitrogen Dewar 
 
The objective of the framework design was to compact the footprint of the machine 
around the profile of the Dewar vessel, thus improving the ergonomics of the device, 
reducing material and overall cost.  
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Further considering compactness in the design, materials for the framework were 
reviewed for appropriate properties including strength to weight ratio (specific strength) 
cost and size.  
 
 
Figure 20 Comparison materials table - (VanDragt, et al., 2000) 
 
A study of materials found Steel box section to allow smaller tubular profiles to be used 
whilst maintaining high specific strength; therefore, increasing the amount of available 
space within the framework to further enable compactness.  
 
 
Figure 21 Lower Framework profile 
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Figure 21 above details the structure and dimensions of the lower rolling framework with 
mounting points for Load Cell and upright assembly. The development of the structure 
is documented through pages 4 to 19 of reference sketchbook 1.  
 
Moments were taken around the lower framework to evaluate and optimise the rolling 
chassis, ensuring stability in the loaded assembly and therefore a factor of safety in 
compacting the framework profile whilst moving a Liquid Nitrogen vessel. 
 
 
 
Figure 22 Moments around framework 
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The mechanical advantage at the point of applied force F around pivot A was calculated 
to allow variable loads when analysing the lifting force required at F.  
 
𝑑2
𝑑1
=
0.401
0.176
= 2.27    
Where:  
• d1 is the distance from pivot A the to the centre of mass through the loaded 
Liquid Nitrogen Dewar  
• d2 is the distance from point A to the point of force application F 
 
The force required to lift the load around pivot A in an anti-clockwise direction was 
calculated with a load of 470 N (47.95 kg) acting in the -z direction; accounting for a full 
35L Liquid Nitrogen Dewar (43 kg) and a margin of 4.95 kg for Dewar mounted 
accessories.  
 
The Force required to lift the load around point A =  
 
𝑊 = 𝑚𝑔 = 47.95 𝑘𝑔 (9.8 
𝑚
𝑠2
) = 469.9 𝑁  
Where:  
• W is the force acting on the framework in Newtons  
• m is the mass in kg  
• g is the acceleration due to gravity 9.8 
𝑚
𝑠2
  
 
Rounding to 470 N and dividing the force by the mechanical advantage of the framework 
at the point of application, F, gives; 
 
470 𝑁
2.27
=  207 𝑁     𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑖𝑛𝑔 𝑡𝑜 𝑘𝑔     
470 𝑁
9.8 
𝑚
𝑠2
= 21.1 𝑘𝑔 
Thus requiring 207 N applied anticlockwise (21.1 kg) to lift the load around pivot point A, 
equalling 44 % of the total load of the assembly. Showing the rolling chassis to be stable 
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under load, requiring significant applied force to tip over the assembly both static and in 
motion on a flat plane.  
 
The rolling resistance of the framework was then calculated to define the force required 
to initially overcome the rolling resistance (𝐹𝑟𝑟) and further to accelerate the loaded 
framework to a walking pace of 1.4 m/s; with the results used to structurally analyse and 
optimise the design of the framework.  
 
 
 
Figure 23 Upper framework design analysis 
 
A castor wheel was selected for the framework with a larger radius of 32.5mm and a 
hard-polyurethane tread with an A87 shore hardness to reduce the rolling resistance.   
 
 
15 N  
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The rolling resistance can be expressed as:  
𝐹
𝑟𝑟 = 
𝐶𝑟𝑟  𝑊 
𝑟  
 
Where:  
• 𝐹𝑟𝑟 = Force of rolling resistance  
• 𝐶𝑟𝑟 = Rolling resistance coefficient mm (0.77 for a polyurethane wheel material) 
• 𝑊 = Mass of the body in kg multiplied by (g) the acceleration of gravity 9.8
𝑚
𝑠2
    
• 𝑟 = Radius of the wheel in mm  
 
An additional mass to 17kg was applied to the 47.95kg load acting in the same direction 
for the framework material weight and future mounted accessories, totalling, 64.95kg 
converting to Newtons = 64.95 × 9.8
𝑚
𝑠2
  = 636.5 N  
 
Therefore, the rolling resistance ( 𝐹𝑟𝑟 ) of the framework can be calculated as:  
 
0.77 × (64.95 × 9.8 
𝑚
𝑠2
 )
32.5
 = 15 𝑁 
 
Thus, a force of 15 N is necessary to overcome the rolling resistance in a linear motion on 
a flat surface with the specified wheels.  
 
Finally, the force required to accelerate the framework to a speed of 1.4 
𝑚
𝑠
  along a linear 
axis in 4 seconds was calculated, 4 seconds was specified as a steady acceleration to 
average walking speed, considering the safe handling of Liquid Nitrogen vessels.  
 
The following formula was applied to find the acceleration:    𝑎 =  
(𝑣𝑓− 𝑣𝑖  )
∆𝑡 
 
Where:  
• 𝑎 = acceleration  
• 𝑣𝑓 𝑎𝑛𝑑 𝑣𝑖  = respectively the initial and final velocities in  
𝑚
𝑠
 
• ∆𝑡 = the acceleration time  
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Therefore, the acceleration can be calculated as: 
𝑎 =  
(1.4 − 0)
4 
= 0.35 𝑚/𝑠2 
 
Rearranging the equation    𝐹 = 𝑚𝑎  to solve for 𝐹  where: 
• 𝐹 = Force  
• 𝑚 = mass in kg  
• 𝑎 = acceleration in 𝑚/𝑠2 
 
The following equation   𝑎 =  
𝐹
𝑚
   was used to find the net force in Newtons to accelerate 
the framework to a velocity of 1.4 metres per second (average walking speed).  
 
0.35 =  
𝐹
64.95
  ∴    0.35 × 64.95 = 𝐹 ∴   𝐹 = 22.73 𝑁    
 
The force 𝐹 = 22.73 𝑁 was thus used to analyse the framework for displacement and 
safety factor in computational finite element analysis.  
 
 
 
 
Figure 24 Framework stress analysis 
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Figure 24 above shows a negligible displacement of 1mm under acceleration force 
loading, subsequently dropping once travelling at a speed of 1.4 m/s. The analysis also 
shows a safety factor of 15, indicating the framework to withstand larger forces at the 
point of application, validating the material selection and profile.   
 
Following the framework analysis, a basic loadcell and load plate assembly was modelled 
from the dimensions of the Liquid nitrogen Dewar and selected Mavin 100kg rated NA2 
loadcell.  
 
 
Figure 25 Load plate and loadcell standard assembly 
 
The assembly was analysed using computational finite element analysis reviewing stress 
and safety factor under maximum operating load, to optimise the assembly for load 
distribution across the point of measurement; aiming to improve load measuring accuracy 
and prevent potential damage by distributing high stress points across the plate, and, 
designed to a safety factor of 3 for load bearing function.  
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The test loading parameters were kept consistent with previous analysis at 470 N with 
the load distributed through 5 points across the pressure plate using a refined mesh for 
accuracy.  
 
 
Figure 26 Load plate analysis 
 
Figure 27 Load plate development analysis 
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A high stress was observed corresponding to the geometry of the square loadcell spacer 
shown in figure 26, leading to potential damage to the loadcell or load plate under 
improper loading conditions.  
 
A cirular oversized Steel spacer was therfere designed to distribute the load, dissipating 
stress across the loading plate, figure 27.  
 
Metric Edged Spacer  Circular Spacer  
VMS MAX 95.91 MPa  50.04 MPa 
Safety factor MIN  2.16  4.06  
 
Table 5 Comparative loadcell spacer analysis 
 
The results in the table above show improvement in the performance of the assembly with 
a significant reduction in stress points and increased safety factor. 
 
With a suitable base for further optimisation established the Loadcell pressure plate was 
optimised for weight to a safety factor of 3 (SF 3). This safety factor was determined 
considering load stability for accurate loadcell measurement. 
 
 
Figure 28 Optimised Load Plate design FEA testing 
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 Standard Plate  Optimised Plate  
Mass (kg)  5.090kg  3.936kg  
 
Table 6 Optimised plate comparison 
 
The table above compares the component masses using the density of mild steel. A 
reduction of 1.154kg or 22.7% was achieved whilst keeping the safety factor to the 
specified SF3.  
 
A mounting plate was designed for hardware to be mounted to the framework. A design 
for the mounting plate was explored to allow alternate hardware to be mounted in 
prototyping.   
 
Figure 29 Framework mounting plates 
 
Figure 29 above illustrates the mounting of the Electronics / Electrical Stimulation 
housing and cable routing conduit to the mounting plate. Additionally figure 29 shows the 
working envelope for the heating system and potential mounting configurations.  
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Figure 30 Framework Assembled 
 
A prototype framework was fabricated, with steel welded and coated in a red oxide 
protective layer before being sealed with a hard enamel shell to protecting against 
humidity corrosion and aid cleaning.  
 
The framework and loadcell assembly were tested with a load of 735 N both static and in 
motion, with no observed deformation in the framework or plate.  
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Figure 31 Framework step assembly 
 
The figure above shows the step by step assembly process for the frame; broken down 
into 5 stages: fitting the castors to the threaded wheel positions, mounting the loadcell 
and spacer assembly, fitting the pressure plate, mounting and fastening the lower 
framework to the upright framework and filly fitting instrument housings.  
 
The design allows for the assembly to be broken down for shipping / storage.  
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3.1.2.1 Prototype Heater Assembly  
A heating system was designed to apply local heat without skin surface contact. After an 
initial review a prototype system with a working principal similar to a hair dryer was 
discussed with the client to explore the local application of heat with variable airflows, at 
different temperatures settings.  
 
 
Figure 32 Heater Assembly overview 
 
The system was designed simultaneously with the upright framework assembly to 
develop a compact configuration with a target output temperature of 40°C. 
 
A modular prototyping methodology was adopted to allow iterative development, 
coupling rapid prototyping with analysis tools to optimise performance.  
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The figure below provides a half section overview of the prototype heating system and 
core components.  
 
 
 
 
Figure 33 Heating system assembly 
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Figure 33 further details the system modularity. The assembly can be adapted to heaters 
with different properties; however, foremost enables rapid changing of the outlet flow 
reducer; allowing different profiles to be explored in development, with an aim to 
optimise airflow.  
 
An initial analysis was performed with an 
airflow reading of 10 m/s average on a low 
speed pre-set heater setting.  
 
The reading was taken using a Sealey TA070 
Anemometer with built-in digital 
thermometer. An average temperature of 
37.6°C over 30 seconds was recorded.  
 
 
Using the equation of continuity shown below the initial readings were used to calculate 
a basic output velocity; considering air as incompressible; where V is velocity in m/s and 
A is area in m² with r being the radius from which area was calculated in mm.  
 
 
Figure 35 Heater flow continuity 
Figure 34 Airflow reading heater system 
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A high outlet velocity of 136 m/s was calculated, indicating a potentially turbulent flow 
in the reducer design, suggesting a reduction in input velocity or an enlargement of the 
output area necessary to improve flow.    
 
Computational Fluid Dynamics simulations were performed using Autodesk CFD 2018 to 
better understand the behaviour of flow and inform design solutions.  
 
  
Figure 36 CFD Heater analysis 
 
The analysis validated earlier calculations falling within 5% of the initial result with a 
simulated outlet velocity of 136 m/s. 
 
Turbulence and static pressure were further analysed in the reduction profile to develop 
a more efficient reducer.  
 
  
 
67 
 
 
 
Figure 37 Turbulence model heater outlet 
 
A turbulent kinetic energy of 187.54 m2/s2 was observed, highlighting a high amount of 
turbulent energy being extracted from mean flow at the nozzle. Figure 37 above taken 
from the turbulent kinetic energy simulation analysis visualises the results.   
 
 
Figure 38 Alternate Nozzle profiles 
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Different nozzle profiles were explored and the inlet velocity set to 5 m/s to reduce 
turbulent flow through the system. Figure 38 shows a longer reduction profile resulting 
in a reduced TKE (turbulent kinetic energy) of 94.2 m2/s2. 
 
Through research an eccentric reducing profile was developed to facilitate proper 
transition from the larger diameter outlet to the nozzle.  
 
 
Figure 39 Eccentric reducer design 
 
CFD analysis was performed on the eccentric reducer with an inlet velocity of 5 m/s and 
a density relative to air at 60°C defining the mass flow rate. The simulation showed a 
significant reduction in the TKE at 64.7 m2/s2 and velocity magnitude of 58.9 m/s.  
 
 
Figure 40 Velocity and TKE eccentric reducer 
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Figure 41 TKE Particle flow eccentric pipe  
 
Further simulations were performed to comparatively analyse the original reduction 
profile and the eccentric design considering a 1m application pipe attached to the nozzle. 
 
 
Figure 42 TKE Flow comparison eccentric vs concentric 
 
The comparison shows an improved TKE value in the eccentric reducer design with 
attached pipe. Therefore, suggesting a less turbulent flow through the system and better 
flow quality.  
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Figure 43 Heater system prototyping 
 
A prototype was 3D printed and insulated with a cork backed sheet silicate 
(phyllosilicate) mineral insulator for intense heat applications to allow testing.   
 
 
The control circuit was mounted and isolated within the 
electronics enclosure. From here the settings for 
temperature and fan speed can be controlled to calibrate 
the system. 
 
 
 
 
Figure 44 Heating system control 
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A handle and holder were designed to meet the ergonomic requirements of the 
application, with a focus on user comfort and practicability.  
 
Figure 45 Heater Handle and holder 
 
Considering the repeat pick up/put down process observed in the ethnographic study, 
the handle was designed for rapid mounting/dismount from the holder. Further 
innovations in the design experiment with channelling airflow through the holder itself, 
as shown in figure 46 below. The component shows the potential application of 3D 
printing as a manufacturing process, allowing geometries otherwise difficult to produce 
in small quantities to be made efficiently and at low cost.  
 
 
Figure 46 Heater handle and holder prototype 
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Figure 47 Further heater testing - Temperature 
 
The system was mounted to the framework and further tests performed with varying 
inlet velocities. An inlet velocity reduced to 5 m/s is shown in figure 47 above, with an 
outlet velocity reading of 15.2 m/s at a temperature of 60.2°C.  
 
From the tests it was concluded that further work would be required to deliver a stable 
airflow. The system was observed to achieve an outlet flow temperature of 40°C and 
above, however pressure drop in the system was also observed when attaching a pipe of 
20mm internal diameter and 1m in length, resulting in poor flow. Areas for investigation 
include:  Further reducer design and calibrating the fan speed to improve flow quality, 
alternatively considering different modes of heating.  
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3.1.2.2 Electrical Stimulation Unit  
An electronic stimulation unit meeting the technical specifications for variable 
procedures outlined in the literature review was selected for prototype development.  
 
 
The unit features a multiple channel output, with a 
30-260 us pulse width and 2-150 HZ pulse rate. 
Particular attention was given to quality in selection, 
with the unit being CE marked and fully compliant 
to the medical derivative class 2A. 
 
 
The unit was mounted to the electronics enclosure and tested with different settings. 
From the enclosure the procedure parameters can be manually configured, and the 
device turned on and off.   
 
 
Figure 49 EMS handle mount 
 
Again, considering user ergonomics a rapid probe mounting system was designed with a 
plug-in interface for switching between probes and other pads, shown above.  
Figure 48 Electrical Stimulation unit 
hardware 
74 
 
 
The design features a custom probe 
handle, figure 50, allowing for research 
into different probe materials.  
 
The handheld probes were designed 
considering ergonomics in their form and 
simplicity in function. With further 
development an interchangeable head 
system could be designed to allow variable 
probe sizes for different procedures.  
 
The electronic stimulation unit was 
isolated from moisture within the IP65 
rated electronics housing alongside 
the heater control circuit.  
 
Steps for further development include 
the design of a microcontroller circuit 
board to control the Heating 
application, EMS and Liquid Nitrogen 
pump/sensors from a Graphic User 
Interface GUI. 
 
 
 
Figure 50 EMS Probe design 
Figure 51 EMS/Heater electronics 
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3.1.3 Bodywork and Interface design and development  
Developing on earlier card and foam model studies a prototype bodywork was designed 
exploring form, aesthetic and suitability for low volume manufacture.  
 
Figure 52 Bodywork CAD surface modelling 
 
The design aimed to communicate a medical language whilst addressing the challenges 
presented by the clinical environment, particularly the sterilisation of surfaces and space 
efficiency. To address this a concept was developed minimising the surface area of the 
bodywork and avoiding hidden hard to reach surfaces.  
 
The figure on the following page, figure 53, details early findings from an ergonomic 
design assessment. It was observed that design features such as removing obstructive 
geometries by rounding corners could improve ergonomics when interacting with and 
working around the machine. 
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                Figure 53 Ergonomics in the working environment, cutting the corners.  
 
Feedback from ergonomic model studies and observations were translated into a digital 
model from which a physical high detail scale surface model was produced.  
 
 
Figure 54 High detail finished foam surface model  
 
The model was machined in components on a CNC router and assembled/finished by 
hand. The soft modelling process allowed an understanding of how the components 
break down into moulds, along with an assessment of the most appropriate methods of 
manufacture for the prototype and going further in larger production volumes.  
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Considering the geometry and dimensions Vacuum forming was identified as an 
appropriate low cost, rapid manufacturing process.  
 
A set of tools were designed to meet the requirements of the vacuum forming process, 
considering draft angle, ventilation and surface quality.  
 
 
Figure 55 Vacuum forming mould tools 
 
The tools were fabricated from scrap offcuts of MDF and machined on a flatbed gantry 
CNC router. Toolpaths were designed and optimised for MDF cutting, significantly 
reducing the time and cost to manufacture the tools. Finally a high quality mould paint 
was applied and the tools prepared to a smooth surface finish for vacuum forming 
surface quality.  
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      Figure 56 Large format vacuum forming set up and HIPS moulding  
 
The mould tools were shipped to a Vacuum forming facility with a large format vacuum 
forming machine able to produce a complete set of formings from a single draw/sheet of 
material, reducing the manufacturing time and cost.  
 
3mm High Impact Polystyrene was selected for the prototype with material properties 
including high impact resistance, FDA compliant, high quality finish and low cost.  
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The formings were post processed to 
the required dimensions and adapted 
for assembly with components test 
fitted and evaluated. 
Figure 57 shows the screen test fitting 
and commissioning.  
 
 
Following this the prototype was fully assembled, and the overall integrity of the 
structure assessed with a focus on build quality, aesthetics and functionality.  
 
 
 
                            Figure 58 Fully assembled machine overview 
Figure 57 Screen test fitting 
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Figure 59 Prototype bodywork Photographs 
 
The figure above presents multiple views of the assembled machine with EMS plug in 
panel and probes mounted, screen affixed and the heater holder in place. Following a 
review of the overall assembly and presentation to the client, positive feedback was 
received on the design.  
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3.1.4 Liquid Nitrogen Vapour Pump and accessories 
It was realised during the course of the research that a Liquid Nitrogen Vapour pump 
system including pump and hose suitable for the project was not accessible within the 
budget. The issue was presented in a project meeting to supervisors and the feasibility of 
developing a pump in house was discussed. 
 
Following research into to existing products and literature on the topic of Liquid 
Nitrogen vaporisation a design was proposed based on a method described in a paper 
titled, Latent Heat of Vaporisation of Liquid Nitrogen (Lucas, 2010)  
 
Figure 60 presents a schematic for 
the method using a resistor 
submerged in Liquid Nitrogen 
resulting in heat energy transfer 
between the electrical heater and 
surroundings and the LN2. 
 
 
The method detailed above was found to be used in current products on the cryotherapy 
market to produce a jet of refrigerated Nitrogen vapour, including localised cryotherapy 
market leader Metrum Cryoflex.  
 
With further investigation a patent published by Metrum Cryoflex was found protecting 
a similar invention in Poland, therefore measures were taken to avoid infringement in 
design.   
 
Figure 60 Method of LN2 Vaporisation, Lucas 2010 
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Figure 61 Pump design schematic parts label 
 
The figure above details the LN2 pump assembly designed at London South Bank 
University.  
 
The design produces a jet of refrigerated Nitrogen vapour by applying electrical current 
to a heating element submerged in a dewar of Liquid Nitrogen (LN2). Electrical 
resistance in the coil of the element produces heat, resulting in heat transfer to the 
surrounding LN2. The heat energy changes the Liquid Nitrogen state to Nitrogen gas 
with the temperature remaining constant.  
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As the expansion ratio of LN2 changing state to Nitrogen is 1:694 a pressure build up in 
the Dewar vessel produces a pressurised jet of refrigerated Nitrogen Gas at the outlet; 
channelled through the pump housing, hose and handle through to the nozzle.  
 
Figure 62 shows a cross section of the pump 
housing with a 15mm diameter Nitrogen 
Vapour channel. Research into materials for 
cryogenic applications identified Carbon 
filled PTFE as appropriate for the pump 
housing; offering a higher dimensional 
stability at cryogenic temperature than 
virgin PTFE and offering good electrical 
properties whilst being an FDA approved 
material.  
 
 
The design uses o-rings to seal the housing preventing vapour leakage; tolerances were 
designed into o-ring mating surfaces to BS ISO 3601 specification. A fluid pressure test 
can be performed on the assembly to ensure the pump housing can withstand working 
pressures.  
 
 The pump further features an integrated K-Type thermocouple to measure the 
temperature of the Nitrogen Jet, allowing digital temperature readings at the pump head 
to be displayed and monitored.  
 
 
Figure 62 Cross section pump housing 
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Figure 63 Heating element coil design 
 
A 1000-watt 240V heating element was designed for the Air Liquide TR35 dewar vessel. 
Specifications were supplied to an element manufacturer for the fabrication of a 
prototype element in stainless steel 304, a material widely used in Cryogenic 
applications.  
 
The element features a 47mm max diameter 4 
turn coil with an 8mm pitch and -2.0° coil 
taper.  
 
The element is designed with an active hot 
section up to 55mm from the base of the coil, 
allowing only the element coil to generate heat 
to improve efficiency. A minimum operating 
level of 7.3L is required to keep the coil 
submerged to prevent dry heating and damage.  
 
A space of 50mm was left between the dewar 
and coil further preventing heating and  
       deforming / damaging the dewar vessel.  
 
Figure 64 Mounted Pump Liquid Nitrogen 
Dewar 
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During the design process it was observed in existing products that particles or droplets 
of Liquid Nitrogen could be drawn through the vapour stream, presenting significant 
risk of cold injury to users including cold burns and frostbite.   
 
A novel vapor filtering system was designed to improve the safety of the system, 
preventing particles from being drawn through the vapour stream and causing potential 
injury to users.  
 
 
 
Figure 65 Liquid Nitrogen vapour filter design 
 
The figure above details the general filtering pump assembly and components with 
further details of the design supplied in the technical drawings.  
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The Prototype was manufactured, assembled and evaluated.  
 
 
Figure 66 Pump manufacture and assembly 
 
Following assembly and commissioning the pump was tested with a 30V power supply at 
0.5 amps, reaching a temperature of 67°C. An insulation resistance check was performed 
reading 3M ohms, indicating part of the PAT regulation to be met.   
 
 The vapour filtration system was tested with   
pressurised air through the vapour channel for 
flow continuity. The test concluded the flow to 
not be significantly reduced by the filter, 
however a refinement to the mesh design could 
optimise the vapour filtering process, presenting 
opportunity for further research into optimising      
        Liquid Nitrogen vapour Filtration.  
Figure 67 LN filter Mesh screen 
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Figure 68 Pump assembly Photographs 
 
A testing plan composed of seal pressure test, electrical PAT test and LN2 vaporisation 
test was researched, using a variable voltage transformer to measure nitrogen vapour 
flowrates at different voltage settings up to 240v; establishing optimal procedure settings 
with estimated output jet temperatures of between -130°C to -170°C  
 
Due to University health and safety policy and project time constraints further testing 
was considered outside of the projects scope, however, the vapour filtering pump design 
was explored for potential IP, with technical drawings and documents disclosing the 
innovation supplied to a patent lawyer on behalf of the client for review. attached in the 
document appendix. 
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3.1.4.1 Cryotherapy Handle and Flexible Hose  
A handle was designed considering user ergonomics to apply the jet of refrigerated 
Nitrogen vapour to a target area. The design explored the incorporation of a temperature 
sensing module to measure live temperature across a target area.  
 
 
 
            Figure 69 Nitrogen Handle and Infrared thermometer 
 
A DFRobot TN9 long distance infrared thermometer module was selected to measure 
surface temperatures between -33°C to 220°C for medical applications. The module 
allows high accuracy temperature reading without surface contact.  
 
The module allows a feedback loop controlling the element temperature to be 
programmed; allowing the surface temperature readings to control the vapour flowrate, 
resulting in keeping the surface area at a constant pre-set temperature. Furthermore, the 
sensor enables a measure of safety, enabling automatic cut off as a measure to control 
risk; as outlined in BS 14971 – Application of risk management to medical devices.  
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A flexible 2m insulating hose was designed to channel refrigerated Nitrogen from pump 
to handle with minimal external heat transfer to the vapour stream in pipe. 
 
 
               Figure 70 Cryogenic pipe development 
  
The hose was developed from a stainless steel 304 flexible hose with a 2mm PFTE lining, 
the hose was further insulated with a PFTE external wrap and an adhesive pipe 
insulation before being sealed with a flexible heat shrink. A 15mm internal diameter 
nozzle and threaded pump coupling profile was machined from 304 stainless steel. This 
early prototype allowed material flexibility performance to be tested, however with 
further development Fourier’s equation for heat conduction could be used to optimise 
the insulation thickness for performance at room temperature.  
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3.1.5 System Architecture  
 
 
Figure 71 System architecture 
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3.1.6 Device warning signs  
Further considering BS EN ISO 14971:2009 the Application of risk management to 
medical devices; appropriate warning labels communicating potential risks and 
measures to reduce risk were identified for placement on the device, product 
documentation and in the working environment.  
 
 
 
                           Figure 72 Device warning signs 
 
 
The figure above displays signs to feature on the product for user safety, to be located in 
areas with good visibility.  
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3.1.7 Product Information Booklet and Manual  
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Figure 73 Product information booklet and manual 
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4 Conclusions  
This section concludes the report with a review of the project through its development, 
assessing the prototype delivery against key performance specification metrics, including 
scope and recommendations for further development with a view to manufacture.  
 
The project successfully delivered on the initial brief; establishing a modular proof of 
principal prototype to facilitate further technical research and development in the 
application and efficacy of core independent and combined functions, including; a 
framework, heating system, electrical stimulation unit and Liquid Nitrogen vaporising 
pump.  
 
This early work considered the challenges in bringing to market a combined unit, 
particularly focusing on conceptualisation of a working configuration to consider user 
interaction, ergonomics and machine functionality in the product environment.  
 
Adopting a new product development methodology and structured development plan 
ensured the delivery of quality and consideration of standards throughout; however, the 
breadth of topics covered in the project and constraints, including time and funding, 
limited the research and development to a low iteration count; restricting the natural 
cycle of feedback driven iterative design and testing loops, therefore, limiting the 
potential for innovation and impact through research.  
 
Addressing this, resources were allocated to areas with greater research impact potential, 
for instance, the Liquid Nitrogen vapour pump; resulting in innovative design and the 
generation of new IP. However, given the time constraint and project scale a larger 
development team would have been beneficial to simultaneously develop different 
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systems within a development framework, allowing rapid development and greater 
potential for the delivery of innovative products / solutions.  
 
Going further, the design of a circuit board and control program including research into 
the development of a graphical user interface (GUI) would be necessary and more 
appropriately attributed to research in the fields of Electronic Engineering and software 
development to meet IEC-62304 standards for medical device software. Additionally, 
rigorous testing of the current prototype to standard would be required in bringing the 
product to market and the prototype subject to modification to meet regulation prior to 
manufacture.  
 
Recommendations: Although an initial architecture and prototype for the device has 
been detailed for next phase development and manufacture, the market research and 
summary of published literature should be considered, with alternative methods of 
lower risk, lower cost and more commercially accessible combined cooling procedures 
explored.  
 
However, in the case of project continuation a manufacturer working to relevant 
medical product standards should be approached for further testing and development. 
Additionally, alternative case uses for components, in particular the Liquid Nitrogen 
vapour pump should be reviewed for potential as a standalone product with applications 
in the applied sciences and Engineering.   
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6 Appendix  
Liquid Nitrogen vapour filtering pump drawings  
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Invention Disclosure Form  
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